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Controlling gene expression in plastids 

FIELD OF THE INVENTION 

The present invention relates to plant biotechnology in general and more particularly 
to a process and vectors for plastid transformation of plants. Specifically, the present 
invention provides a process of genetic transformation of plant plastids, vectors for the 
process, and plants or plant cells obtained or obtainable according to the process of the 
invention. Moreover, the present invention relates to vectors conferring inducible gene 
expression in plant plastids, preferably by application of chemical inducers. The present 
invention also relates to a process of generating transgenic plants or plant cells transformed 
on their plastome having plastids, in which the expression of introduced genes can be 
induced, repressed or regulated by application of chemical substances or other external or 
internal stimuli. 

BACKGROUND OF THE INVENTION 

Plastids and mitochondria contain tiieir own DNA, DNA transcripts in the form of 
messenger RNA (mRNA), ribosomes, and at least some of the necessary tRNAs that are 
required for decoding of genetic information (Marechal-Drouard et aL, 1991). However, they 
are non-autonomous and depend on gene products encoded in the cell nucleus. 
Nevertheless, their genetic information is of sufficient complexity to make them an attractive 
target for gene technology. This is particulariy the case with plastids, because plastids 
encode about 50% of the proteins required for their main function (photosynthesis) Inside the 
plant cell. Plastids also encode their ribosomal RNAs, the majority of their tRNAs and 
ribosomal proteins. In total, the number of genes in the plastome is in the range of 120 
(Palmer, 1991). The vast majority of proteins that are found in plastids are, however, 
imported from the nuclear/cytosolic genetic compartment. 

With the development of general molecular cloning technologies, it became soon 
possible to genetically modify higher plants by transformation. The main emphasis In plant 
transformation was and still is on nuclear transformation, since the majority of genes, ca. 
26.000 In the case of Arabidopsis thaliana, the complete sequence of which was recently 
published (The Arabidopsis Genome Initiative, 2000), is found in the cell's nucleus. Nuclear 
transformation was easier to achieve, since biological vectors such as Agrobacterium 
tumefaciens were available, which could be modified to efficiently enable nuclear 
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transformation (Galvin, 1998). In addition, the nucleus is more directly accessible to foreign 
nucleic acids, while the organelles are sunrounded by two envelope membranes that are, 
generally speaking, not permeable to macromolecules such as DNA. 

A capability of transfomning plastids is highly desirable since it could make use of the 
high gene dosage in these organelles that bears the potential of extremely high expression 
levels of transgenes. In addition, plastid transformation is attractive because plastid-encoded 
traits are not pollen transmissible; hence, potential risks of inadvertent transgene escape to 
wild relatives of taransgenic plants are largely reduced. Other potential advantages of plastid 
transfonnation include the feasibility of simultaneous expression of multiple genes as a 
poiycistronic unit and the elimination of positional effects and gene silencing that may result 
following nuclear transformation. 

Methods that allow stable transformation of plastids could indeed be developed for 
higher plants. To date, two different methods are available, i.e. particle bombardment of 
tissues, in particular leaf tissues (Svab et aL, 1990), and treatment of protoplasts witii 
polyethylene glycol (PEG) in the presence of suitable transformation vectors (Koop et aL, 
1996). Both methods mediate the transfer of plasmid DNA across the two envelope 
membranes into the organelle's stroma. An overview of plastid transformation technology Is 
given in Heifetz (2000) and Koop et aL (1996). 

Plastid transformation methods usually rely on transformation vectors in which one or 
more transgenes are flanked by plastome sequences directing the insertion of the foreign 
genes by homologous recombination. Expression of the introduced gene or genes is 
achieved by placing the coding region under the control of regulatory elements. These 
regulatory elements usually contain a promoter active in plastids and operably linked to 5- 
and 3-untranslated regions. Promoters active in plastids can be obtained using plastome 
derived transcription activating sequences or using other sequences of synthetic or natural 
origin mediating transcription activity in the plastid. Examples for plastid promoters which 
mediate strong transcriptional activity are the nn-promoter from the 16S-rRNA operon (Svab 
and Maliga, 1993) or the psbA promoter (Staub and Maliga. 1993). An example for a 
heterologous promoter is the phage T7 promoter which is, however, only active if the 
corresponding T7 RNA-polymerase is present. Alternatively, it is possible to insert foreign 
coding region(s) into a transcriptionally active site of the plastome, thus expressing the 
introduced genes by operable linkage to genes already present in the plastome (Staub and 
Maliga, 1995). In this case, it is necessary to fuse the coding region to be expressed to a 
sequence mediating translation initiation, e.g. a ribosome binding site. 

Transcript levels of the introduced gene(s) depend on promoter activity and tumover 
rates of the mRNA. In the case where the introduced gene(s) are controlled by plastid 
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derived promoter elements, transcription patterns resemble the transcription patterns of the 
conresponding plastid genes. If an artificial operon has been generated by introducing the 
transgene(s) Into a transcriptionally active site of the plastome, transcription activity is 
determined by the conresponding upstream promoter. 

Plastid genes are actively transcribed in most cells, although there are development-, 
tissue-, or environment dependent variations in the Intensity. In the green chloroplasts of 
photosynthetic tissue (e.g. leaves), a permanent strong transcriptional activity of the plastid 
genes can be observed, which is to a certain degree affected by the photosynthetic activity 
(e.g. day versus night or temperature condition). As a consequence, foreign genes 
introduced into the plastome are almost pemianently transcribed. If the Introduced gene(s) 
are operably linked to (a) sequence(s) mediating a strong translation activity, tiie expression 
level of the foreign gene may be extraordinarily high (Kuroda and Mallga, 2001). This is true 
at least for all green parts of the plant and reaches from the growth phase to the reproductive 
phase. 

It is generally desired to achieve a high expression level of the Introduced gene, e.g. 
in order to produce large quantities of pharmaceutical proteins in plants (such as 
somatotropin) or to generate plants with a high pest resistance level (such as B.t. cry 
protein). However, In many cases the permanent production of the recombinant gene product 
is undesirable or even detrimental. Pemianent activity of the transgene can affect negatively 
the growtii capacity or even plant healtii of crop plants by depriving metabolic energy for the 
production of the transgene. 

Permanent activity of flie transgene is even more adverse, if the resulting protein is 
toxic for the plastid or the plant cell. Proteins with slightiy toxic effects on the plant may 
negatively affect normal development and biomass production of the plant Also the 
expression of the desired recombinant protein may be negatively influenced. Toxic 
recombinant proteins may also prevent the plant from getting into tiie reproductive phase and 
tiius prevent seed production. An example for harmful effects of recombinant gene products 
in plastids is the synthesis of polyhydroxybutyrate in tobacco, where significant contents of 
tile product lead to growth reduction (LossI et aL, 2003). If tiie protein product of an 
introduced gene is strongly toxic, for the plastid or tiie plant cell, the generation of the 
transplastomic plant may be completely impossible. 

Toxic effects caused by introduced genes can either result from a toxic effect of the 
protein itself or can result from an indirect effect of the protein on the metabolism. An 
example for an Indirect effect is the case where the introduced gene codes for an enzyme 
which catalyses the production of toxic substances. Such detrimental effects of slightly toxic 
or strongly toxic proteins can be avoided if the introduced gene(s) are not permanentiy 
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expressed, thus uncoupling the vegetative phase of the transgenic plant from the phase in 
which the transgene(s) are expressed in the fully developed plant. 

Moreover, when considering aspects of biosafety, uncontrolled expression of 
transgenes in transplastomic plants can also be a problem with transgene products that do 
not exhibit negative effects on plant growth- Especially for gene products with unknown or 
potentially harmful effects on other organisms, permanent expression of these gene products 
in transplastomic plants during the whole growth period bears unpredictable risks. Therefore, 
a method to control the expression of such gene products is highly desirable. Consequently, 
control of transgene expression In plastids is an important factor in the production of 
transplastomic plants. 

Up to now, there is only one example for Induction of gene expression in plastids 
(US20020062502). The inventors made use of the T7 RNA polymerase / T7 promoter 
system (McBride et al., 1994; US 5,925,806). A nucleus-encoded, plastid-targeted T7 RNA 
polymerase mediates transcription of a plastid-localized gene which is under the control of a 
T7 promoter. To make this system appropriate for Inducible expression of the plastid 
transgene, the T7 polymerase gene was put under the control of a chemically inducible 
promoter (PR-1a promoter, benzothladiazole induction). This system does, however, not 
provide a direct inducibility of plastid genes by external or internal factors. Instead, a signal is 
percepted in the nucleus and transmitted to the plastid via a protein intermediate. This 
system has, however, serious disadvantages. First, it relies on nuclear transformants which 
are capable of signal perception and transmission. The inducible plants cannot be generated 
by plastid transfomnation alone. Undesired spread of the nuclear transgene via pollen 
transfer, which is almost excluded for chloroplast transformants, is possible. Further, 
generation of two different transformants, nuclear transformants and plastid transformants, is 
time consuming. In order to generate plants transformed in both compartments, the nuclear 
transformant and the plastid transformant have to be hybridized, or both transformations 
have to be made subsequently. A method for regulation of transgenes in plastids, which 
relies on plastid transformation alone, would offer significant advantages. 

Another problem when using standard plastid transformation methods arises from 
toxic effects of the genes to be expressed in the plastids on the bacteria used for cloning of 
the transfomnation vector. Plastid promoter and leader elements which are generally used to 
express the plastid transgenes are frequently also active in bacteria and lead to production of 
the corresponding protein in the cloning host If this protein is not tolerated by the cloning 
host, transformation vector construction using standard molecular biology techniques is 
seriously impeded. Even genes for proteins with less toxic effects may be difficult to clone, if 
they are fused to regulatory elements which lead to an extraordinarily high expression level. 
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A method wherein transgene expression in the cloning host is reduced or turned off would be 
highly desirable. 

It is therefore an object of the present invention to provide a process of controlling 
expression of a plastome-encoded sequence of interest. A further object is to provide plants 
having a plastome-encoded sequence of interest, whereby expression of said sequence of 
interest can be controlled. It is another object of the invention to provide an efficient and 
highly versatile process of genetic transformation of plant plastids, which allows the 
production of substances in plastids which are toxic for the plastids or plants. It is another 
object of the invention to allow the production of transgenic plants which show normal plant 
health and growtti capacity independent of flie intinoduced gene(s). It is another object of tiie 
invention to minimize the risk of undesired uptake of substances produced in the transgenic 
plants and thus increase biosafety. It is anotiier object of the invention to simplify cloning in 
bacteria of plastid transformation vectors containing sequences which are toxic for the 
bacteria. 

GENERAL DESCRIPTION OF THE INVENTION 

The above objects are solved by a process of controlling expression of a plastome- 
encoded sequence of interest in a plant or in plant cells by externally applying to said plant or 
to said plant cells a control signal selected from 

(a) a physical signal or 

(b) a chemical signal or a source thereof, 

wherein said control signal is adapted for an interaction of said physical or said chemical 
signal, respectively, with an intra-plastid component of the plastid protein expression 
machinery and wherein expression of said sequence of interest is controlled by said 
interaction and by externally applying said control signal. Preferably, said intra-plastid 
component is an intra-plastid component of the plastid expression machinery of said 
sequence of interest but not of other plastid sequences. 

The invention furtiier provides a plant or plant cells capable of controlled expression 
of a plastome-encoded sequence of interest, said plant or plant cells comprising a plastome- 
encoded sequence of interest and having or encoding a heterologous intra-plastid 
component of the plastid protein expression machinery, said component being adapted for 
interacting with an extemally provided chemical or physical control signal such that 
expression of said sequence of interest can be controlled by control signal. The plant of the 
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Invention comprises developing plants in all stages of development, including seeds. Also, 
parts of plants like leaves are comprised. 

The invention further provides a process of producing a transplastomic plant or 
transplastomic plant cells transformed In their plastome with a sequence of interest, 
comprising transforming a plant or plant cells on their plastome with said sequence of 
interest and a heterologous nucleotide sequence being or encoding an intra-plastid 
component of the plastid protein expression machinery, whereby said intra-plastid 
component is adapted for interacting with an externally provided chemical or physical control 
signal. 

The invention also provides a system for controlling expression of a sequence of 
interest in a transplastomic plant or in transplastomic plant cells, comprising the plant or plant 
cells of the invention and a chemical or physical control signal capable of entering into 
plastids when applied extemally, said control signal being adapted for controlling said 
expression in said plant or plant ceils by interacting with said intra-plastid component. 

The inventors have found a general method of controlling expression of a plastome- 
encoded sequence of interest in plants or plant ceils by an externally applied control signal. 
This general method is based on the interaction of said chemical or physical signal with an 
intra-plastid component of the plastid protein expression machinery. Thus, the process of the 
invention does not require the generation of nuclear transformants of said plant or said plant 
ceils. A basis of the invention is the surprising finding that chemical and physical signals, 
notably chemical signals, can be provided to plants or plant cells such that they reach and/or 
enter into plastids, whereby an interaction of said signal with an intra-plastid component of 
the plastid protein expression machinery is possible. 

Plastids are surrounded by a two-membrane envelope and entry and exit of 
molecules is regulated. Plastids do not have large pores comparable to nuclear pores that 
allow almost unhindered passage of small molecules into and out of the nucleus: Further, 
extemally provided physical or chemical signals, notably chemical signals, have to cross the 
plasma membrane to get into the cytoplasm from where they can get into plastids. Moreover, 
the control signals have to cross the plant cell wall in order to be able to get into the 
cytoplasm and into the plastids. It was therefore very surprising to find that said physical or 
chemical signals of the invention can be provided to plant cells or plants such that they can 
accumulate in plastids in sufficient concentrations to allow controlling expression of a 
plastome-encoded sequence of interest. 
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The control process of the invention requires the generation of the transplastomic 
plant or plant cells according to the invention. This can be achieved by transforming a plant 
or plant cells on their plastome with said sequence of interest and a heterologous nucleotide 
sequence being or encoding said intra-plastid component of the plastid protein expression 
machinery. Said sequence of interest and said heterologous nucleotide sequence may be 
introduced into plastids of said plant or said plant cells on one type recombinant nucleic acid 
(or vector) or on different recombinant nucleic acids, e.g. by co-transfonmation. Preferably, 
said sequence of interest and said heterologous nucleotide sequence are introduced with the 
same vector. Methods of plastid transformation are known in the art for several plant species. 
The invention can also be applied to plants for which plastid transformation becomes 
possible in the future. In plastid transformation, homologous recombination is typically used 
for introducing a desirod sequence into a desired locus of the plastome. If said sequence of 
interest and said sequence being or encoding said intra-plastid component are introduced 
into the plastome with one vector, they may be present consecutively in said vector flanked 
by homologous flanks for homologous recombination with the plastome. 

Regarding said sequence of interest, the invention is not limited. The sequence of 
interest may be a sequence native to the plastome of the plant to be transfomied, which 
allows for example to control expression of a native plastid gene according to the invention. 
Preferably, however, the sequence of interest is heterologous to the plant or to the plant 
cells. The sequence of interest may be a sequence coding for a protein of interest to be 
expressed in said plant or in said plant cells. The sequence of interest may be introduced 
into plastomes as part of a recombinant nucleic acid that further contains a, preferably 
heterologous, transcription regulatory sequence operably linked to said sequence of interest. 
Said recombinant nucleic acid may further contain a, preferably heterologous, nucleotide 
sequence being or encoding an intra-plastid component of the plastid protein expression 
machinery. In one embodiment of the invention, said nucleotide sequence being or encoding 
an intra-plastid component is identical to said transcription regulatory sequence mentioned 
above. In another embodiment, said nucleotide sequence being or encoding an intra-plastid 
component is used in addition to said transcription regulatory sequence of said sequence of 
interest. 

Said control signal of the invention is the handle that allows to control expression of 
said sequence of interest in said plant or said plant cells by the extemal application of said 
control signal. Said control signal is adapted for an interaction of said physical or said 
chemical signal with said intra-plastid component of the invention (see below). Said control 
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signal may be (a) a physical signal or (b) a chemical signal or a source of a chemical signal. 
Examples of physical signals are light (notably a change in light intensity, a change in the 
dark-light cycle the plant or the plant cells are exposed to, a change in the spectral 
compositions of the light like the color of the light etc.) and a temperature change. 

Said chemical signal or said source may be a proteinaceous chemical signal (i.e. a 
protein) or a non-proteinaceous (non-protein) chemical signal. For the purposes of this 
invention, a proteinaceous chemical signal is a signal that can be produced by expressing 
(transcribing and/or translating) a nucleic acid in an organism like a plant or in bacteria; a 
non-proteinaceous chemical signal cannot be produced by expressing a nucleic acid in an 
organism. Said chemical signal may be a high-molecular weight or a low-molecular weight 
chemical compound. Examples of high-molecular weight chemical compounds usable as a 
chemical signal are proteins (proteins used as extemally applied signal are referred to as 
signal proteins in the following) or nucleic acids (nucleic acids used as extemally applied 
nucleic acids are also referred to as nucleic acid signal herein). Examples of nucleic acid 
signals are DNA or RNA that can interfere (e.g. by RNA interference) or promote in plastids 
expression of said sequence of interest Examples of low-molecular weight chemical 
compounds (which are preferably non-proteinaceous) are inducers like isopropyl 
thiogalactopyranosid (IPTG) or analogs thereof like lactose, tetracycline, ethanol, steroids, 
copper ions or other inducers of inducible gene expression systems like those cited in 
US20020062502. Instead of using said inducers in a pure form, compositions containing said 
inducers may be applied extemally to said plant or plant cell. An example of such a 
composition is whey that contains lactose. Whey is obtained as a by-product in cheese 
making and is a cheap source of lactose. 

Extemally applied chemical compounds may be subject to chemical reactions in plant 
cells, whereby said chemical signal may be produced in the cells from a source (or 
precursor) of said chemical signal. Examples of such chemical reactions are hydrolytic 
reactions of esters, amides, phosphates etc. by cellular hydrolytic enzymes, or trans- 
glycosylatons (like the formation of 1 ,6-allolactose from lactose), phosphate group transfer 
reactions, or redox reactions. In such cases, the source of said chemical signal may be 
extemally applied to said plant or plant cells. Said chemical signal capable of interacting with 
said intra-plastid component may then be produced from said source in plant cells. 

Similarly, a proteinaceous chemical signal (e.g. said signal protein) may be produced 
in plant cells by expressing a nucleic acid encoding a signal protein. In this case, said nucleic 
acid is the source of said signal protein. Said signal protein is preferably provided with a 
plastid transit peptide. Modes of application of a signal protein or a source thereof to a plant 
or t9 plant cells are given below. 
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Being adapted for an interaction of said physical or cliemical signal with said intra- 
plastid component comprises that said chemical or physical signal has to be able of reaching 
and entering into plasflds after extemal application of said control signal to said plants or said 
plant cells. (Externally providing said chemical signal comprises externally applying said 
control signal and optionally forming said chemical signal from a source thereof.) Thus, the 
chemical or physical signal has to be able to transfer or to transmit over the plastidal double 
membrane, the cell membrane, the cell wall, and. preferably In the case of plants, also over 
the cuticula. The mode of application of said control signal to the plant or plant cells may 
support transfer of said chemical or physical signal into the plastids (see below). It was 
surprising to find that said control signals can be applied to plants or plant cells such that 
expression of a plastome-encoded sequence of Interest can be controlled by extemally 
applying said control signal. 

Said intra-plastid component of the plastid protein expression machinery may be any 
component that is involved in plastid protein expression. Said intra-plastid component is 
adapted for interacting with said physical or said chemical signal, whereby expression of said 
sequence of interest can be controlled. Thus, said physical or said chemical signal and said 
component are pairs that are selected such that said interaction is possible. Examples of 
such signal/component-pairs are IPTG and the lac represson tetracycline and the tet 
represson N-(3-oxohexanoyl>-L-homoserine lactone and the LuxR transcriptional activator 
(cf. example 4); T7-polymerase and the T7-promoter. In any case, the Interaction of said 
signal with said component has a functional effect on expression of said sequence of interest 
in plastids of said plant or plant cells, whereby said effect is absent when eitiier said signal or 
said component is absent. 

Preferably, said component is a nucleic acid or a protein. As a minimum requirement, 
said component is involved at least in plastid protein expression of said sequence of interest. 
Preferably, said component is not involved in plastid protein expression of other plastid 
sequences. Notably, said component is not involved in expression of those native plastid 
sequences that are not sequences of interest. This means that said component is preferably 
required for controlling expression of said sequence of interest but has little or no influence 
on the expression of other plastid sequences. This may be achieved by using a heterologous 
intra-plastid component that is operably linked to said sequence of interest but not to other 
plastome sequences. In tiiis way, said component may be provided such that exclusively 
expression of said sequence of interest is controlled. 

However, the invention allows to control expression of two, three or more sequences 
of interest (e.g. for expressing multiple proteins of interest like multiple subunits of a multi- 
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subunit protein of interest). In this case, said component may be used for controlling all 
sequences of Interest, whereby a single control signal may allow to control expression of ail 
sequences of interest. Control of several sequences of interest can be easily achieved if said 
sequences are organized in an operon, whereby transcription of the operon may be 
controlled, or by providing each sequence of interest with the same regulatory control 
elements that respond to said externally applied control signal or to said component. 
Altematlvely, each sequence of interest is operably linked to a different intra-plastid 
component, whereby expression of the various sequences of interest may be controlled 
independently by different extemally applied control signals. The latter alternative may for 
example be used for growing a plant containing multiple sequences of interest (coding e.g. 
for different pharmaceutical or industrial proteins) up to a desired growth state, determining 
which of the encoded proteins is desired, followed by extemally applying the signal for 
Inducing expression of the determined sequence of interest. 

Said intra-plastid component may be a protein (e.g. a repressor, an activator, a 
transcription factor, factors Involved in translation). Such proteins are refenred to as 
regulatory proteins In the following. A regulatory protein may be encoded on a heterologous 
nucleotide sequence that Is transfomned into plastids of said plant or said plant cells 
preferably such that It Is integrated into the plastome by homologous recombination. The 
heterologous nucleotide sequence encoding the regulatory protein should contain operably 
linked regulatory elements for expressing said regulatory protein, like a promoter and 5' and 
3' non-translated sequences. In some embodimente, the regulatory protein is constltutively 
expressed, e.g. if said regulatory protein is a repressor that represses expression of said 
sequence of interest The plastids of said plant or said plant cell may be transformed with 
said heterologous nucleotide sequence encoding the regulatory protein independent from the 
transformation of said plastids with said sequence of interest. It is, however, generally more 
convenient to transform plastids of said plant or said plant cells simultaneously with said 
sequence of interest and with said heterologous nucleotide sequence encoding said intra- 
plastid component, for example by transforming with said recombinant nucleic acid that 
contains said sequence of interest and said heterologous nucleotide sequence (e.g. using a 
vector like plCF10501 shown in Fig. 1). 

If said regulatory protein is used as said intra-plastid component, expression of said 
sequence of interest may depend on binding of said regulatory protein to a regulatory 
sequence element of said sequence of interest (e.g. to an operator). The binding affinity of 
said regulatory protein to said regulatory sequence should then be dependent on the 
interaction of said regulatory protein with said physical or chemical signal. As an example, 
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said regulatory protein may be a repressor (e.g. laci or tetR) and the binding affinity of the 
repressor to an operator is dependent on a small-molecular weight chemical signal (e.g. 
IPTG or tetracycline). Several known inducible protein expression systems may be adjusted 
for use in the present invention. Examples are heat-lnducible (US 05187287) and cold- 
inducible (US05847102) systems, a copper-inducible system (Mett et al., 1993, Proc. Natl. 
Acad. ScL, 90, 4567-4671), steroid-inducible systems (Aoyama & Chua, 1997, Plant J., 11, 
605-612; McNeills et ai, 1998, Plant J., 14, 247-257; US06063985), an ethanol-inducible 
system (Caddick et ai, 1997, Nature Biotech., 16, 177-180; WO09321334), and a 
tetracycline-Inducible system (Weinmann ef a/., 1994, Plant J., 5, 559-569). A recently 
developed chemically Inducible systems for plants uses a chimaeric promoter that can be 
switched on by the glucocorticoid dexamethasone and switched off by tetracycline (Bohner et 
ai, 1999. Plant J., 19, 87-95). For a review on chemically inducible systems see: Zuo & 
Chua. (2000, Cun^ent Opin. BiotechnoL, H, 146-151). The most prefenBd example of an 
inducible system for the present invention is the lac system based on the lac operon from E. 
coli. Prokaryotic Inducible expression systems have never been used for achieving controlled 
expression of a plastome-encoded sequence of interest in plants. 

If the lac system is used for the invention, said regulatory protein is the lac repressor 
that is preferably constitutively expressed. The lac repressor binds to the lac operator that is 
a regulatory sequence operably linked to said sequence of interest. The lac repressor binds 
to the lac operator in the absence of IPTG or an analog thereof like lactose. If IPTG or an 
analog thereof is externally applied as said chemical signal to the plant or to said plant cells, 
it can diffuse into plastids and interact with the lac repressor that is bound to the lac operator. 
The lac repressor having bound IPTG (or an analog thereof like lactose or 1 .6-alIolactose) 
dissociates from the operator, allowing transcription and expression of the sequence of 
interest. 

Other preferred examples of said intra-plastid component of the invention are nucleic 
acids. Such nucleic acids may be regulatory elements that regulate expression of said 
sequence of interest, like a promoter. Preferably, said regulatory element as said component 
is a heterologous transcription regulatory sequence like a heterologous promoter that Is 
operably linked to said sequence of interest. Said extemally applied signal may then be a 
protein (in the following referred to as signal protein) that is capable of interacting with said 
transcription regulatory sequence. An example of a heterologous promoter as said intra- 
plastid component is the bacteriophage T7 promoter. Applying the T7 polymerase as said 
chemical signal into the plastids allows an interaction of the T7 polymerase with the T7 
promoter and expression of said sequence of interest Said regulatory element should be 



12 

heterologous in order to ensure that the chemical signal controls exclusively expression of 
said sequence of interest but has little or no effect on expression of other plastid sequences. 

Said component of the invention is an intra-plastid component "Intra-plastid" means 
that said component is a nucleic acid introduced into the plastome or a protein encoded in 
the plastome. Further, interaction of said component with said physical or chemical signal 
takes place predominantly inside of plastids. Interaction in plant cells outside of plastids does 
not achieve control of expression of said sequence of interest. 

Modes of applying said signal protein or a source thereof are described next If a 
protein is used as externally applied signal (signal protein), there are various possibilities 
regarding the mode of application to plants or plant cells. Such possibilties are described 
below. In PCT/EP03/13016, PCT/EP03/13018, PCT/EP03/13021 and references cited 
therein like Science (2000) 290, 979-982 and WO01 89283. Instead of providing said signal 
protein directly to said plant or plant cells, a nucleic acid encoding said signal protein may be 
used as a source of said signal protein. Said nucleic acid may be applied such that 
expression of the signal protein is possible in cells of said plant Said nucleic acid may be 
DNA or RNA. If the nucleic acid signal is DNA, transcription may take place either in plastids. 
If said nucleic acid signal is RNA. translation of the signal protein may take place in the 
cytoplasm of cells of said plant Preferably, said nucleic acid is an RNA viral vector or a DNA 
viral vector. Said viral vector should be infectious. The viral vector may be capable of 
amplification in cells of the plant which allows strong expression of the signal protein. 
Preferably, the viral vector is further capable of cell-to-cell or systemic movement Inside the 
plant which allows controlling expression of said sequence of interest in cells that were not 
externally provided with said viral vector. For a review on the use of viral vectors see: Porta & 
Lomonossoff, 1996, MoL BiotechnoL, 5, 209-221; Yusibov at ai, 1999, Cunr.Top. MicrobioL 
Immunol,, 240. 81-94). Further, the following documents describe systems based on DNA 
and RNA viral vectors: Kumagai et aL, 1994, Proc. Natl, Acad. ScL USA, 90, 427-430; 
Mallory et aL, 2002, Nature BiotechnoL 20. 622-625: Mor et aL, 2003, BiotechnoL Bioeng., 
81:430-437; US5316931; US5589367; US5866785; US5491076; US6977438; US5981236; 
WO0229068; WO02088369; WO02097080; W09854342. Further, infectious copies of RNA 
viral vectors (Kumagai et aL, 1995. Proc. Natl. Acad. ScL USA, 92, 1679-1683) may be used. 
Among DNA and RNA viral vectors, RNA viral vectors (i.e. vectors that are derived from RNA 
viruses) are preferred. Preferred RNA viruses on which an RNA viral vector may be based 
are tobamoviruses, notably tobacco mosaic virus. If said signal protein is expressed in said 
plant cells but outside of plastids, the signal protein should preferably be provided with a 
plastid transit peptide that allows targeting said signal protein into plastids. 
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Methods how a nucleic acid can be applied to said plant or to said plant cells are 
generally known in the art. Prefen-ed methods are Agrobacterium-mediated transfonnatlon or 
infiltration of leaves. 

In another embodiment wherein said intra-plastid component Is a nucleic acid, said 
component may be an mRNA comprising a transcript of said sequence of Interest and said 
chemical or physical signal is capable of interacting with said mRNA, Further, said intra- 
plastid component may be an enhancer or a silencer that is operably linked to said sequence 
of interest and said chemical or physical signal is capable of interacting with said enhancer or 
said silencer. 

The control process of the invention may be used for inducing or suppressing 
expression of said sequence of interest, whereby inducing is preferred. Suppression of 
expression of a sequence of interest may e.g. be achieved using an operator (like the lac 
operator) operably linked to said sequence of interest, but no repressor is expressed in said 
plastids In the first place. When suppression is desired, the repressor may be externally 
provided to said plastids as a signal protein. 

The control process may be carried out on intact plants or on plants after harvesting 
said plants. Further, the control process may be carried out on plant cells, e.g. in cell culture 
of plant cells. 

The process of the invention can be carried out with any plant for which plastid 
transfomiation methods exist now or in the future. Preferred are higher crop plants. Most 
preferred are Solanaceae. 

PREFERRED EMBODIMENTS 

A process of controlling expression of a plastome-encoded sequence of interest in a 
plant or in plant cells by extemally applying to said plant or to said plant cells a control signal 
selected from 

(a) a physical signal or 

(b) a chemical signal or a source thereof, 

wherein said control signal is adapted for an interaction of said physical or said chemical 
signal with an intra-plastid component of the plastid protein expression machinery exclusively 
of said sequence of interest and wherein expression of said sequence of interest is controlled 
by said interaction; said intra-plastid component being not involved in expression of plastid 
sequences other than said sequence of interest 

A process of controlling expression of a plastome-encoded sequence of interest in a 
plant or in plant cells by extemally applying to said plant or to said plant cells a control signal. 
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wherein said control signal is adapted for interacting with an intra-plastid component of the 
plastid protein expression machinery of said sequence of interest and wherein expression of 
said sequence of interest is controlled by said interaction; said intra-plastid component being 
not involved in expression of plastid sequences other than said sequence of interest 

A process of controlling expression of a plastome-encoded sequence of interest In a 
plant or in plant cells by externally applying to said plant or to said plant cells a non- 
proteinaceous control signal, wherein said control signal is adapted for interacting with an 
intra-plastid protein component involved in expressing said sequence of interest but not in 
expressing other plastid sequences, wherein expression of said sequence of interest is 
controlled by said interaction and by said external application. 

A process of controlling expression of a plastome-encoded sequence of interest in a 
plant or in plant cells by externally applying to said plant or to said plant ceils a proteinaceous 
control signal, wherein said control signal is adapted for interacting with an intra-plastid 
transcription regulatory sequence operably linked to said sequence of interest, wherein 
expression of said sequence of interest is controlled by said interaction. 

Preferably, the process of controlling expression of said sequence of interest 
according to the invention is independent from transgenic elements of the nuclear genome. 

DEFINITIONS 

3*-UTR: transcribed but not translated region of a (>) gene, downstream of a 

(>) coding region; 

5'-UTR: transcribed but not translated region of a (>) gene, upstream of a (>) 

coding region; in (>} plastid (>) genes, the 5'-UTR contains 
sequence information for translation initiation (ribosome binding site, 
(>) RBS) close to its 3' end; 

aadA: (>) coding region of bacterial aminoglycoside adenyl transferase, a 

frequently used protein, that detoxifies antibiotic (>) selection 
inhibitors spectinomycin and/or streptomycin; 

activator: protein which binds to an operator sequence and thereby activates 

transcription; 

apliA-6: (>) coding region of bacterial aminoglycoside phosphotransferase A- 

6, a protein that detoxifies the antibiotic (>) selection inhibitor 
kanamycin; 

chloroplast: (>) plastid containing chlorophyll; 
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coding region: nucleotide sequence containing tlie infonmation for a) tlie amino acid 

sequence of a polypeptide or b) the nucleotides of a functional RNA; 
coding regions are optionally interrupted by one or more (>) intron(s); 

flanic, flanking region: DNA sequences at the 5' and 3' ends of inserts in a (>) 

plastid (>) transformation vector, which mediate integration into the 
target (>) plastome of sequences between the flanks by double 
reciprocal (>) iiomologous recombination. By the same mechanism, 
sequences can be modified or removed from the target (>) plastome. 
Thus, the flanks of the (>) plastid (>) transformation vector 
determine, where changes in the target (>) plastome are generated by 
(>) transformation; 

gene expression: process tuming sequence information into function; in (>) genes 

encoding polypeptides, gene expression requires the activity of a (>) 
promoter, which initiates and directs RNA polymerase activity, leading 
to the fomnation of a messenger RNA, which is subsequently translated 
into a polypeptide; in (>) genes encoding RNA, the (>) promoter- 
mediated activity of RNA polymerase generates the encoded RNA; 

gene(s): nucleotide sequence(s) encoding all elements, which are required to 

secure function e.g. expression; 

genes are organised in (>) operons, which contain at least one 
cornplete (>) coding region; in (>) genes encoding polypeptides, 
these elements are: (1) a (>) promoter, (2) a 5' untranslated region 
((>) S'-UTR), (3) a complete (>) coding region, (4) a 3* untranslated 
region ((>) 3'-UTR); in (>) genes encoding RNA, the (>) 5'-UTR and 
the (>) 3"-UTR are missing; in (>) operons consisting of more than one 
(>) coding region, two subsequent complete (>) coding regions are 
separated by a (>) spacer, and {>) promoter, (>) 5'-UTR, and (>) 3'- 
UTR elements are shared by the (>}coding regions of that (>)operon; 

genome: Complete DNA sequence of a cell's nucleus or a cell oiganelle; 

GFP: green fluorescent protein 

homologous recombination: process leading to exchange, insertion or deletion of 

sequences due to the presence of (>) flanks with sufficient sequence 
homology to a target site in a (>) genome; 

heterologous sequence: a sequence that does not occur in plastids, preferably in the entire 

(organellar and nuclear) genome, of the plant used in the process of 
the Invention before plastids are transformed with said sequence. 
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intron: sequence interrupting a (>) coding region; 

operator: nucleotide sequence which serves as a binding site for a regulatory 

protein; 

operon: organisational structure of several(>) genes sharing a promoten 

plant(s): organism(s) that contain(s) (>) piastids in its (their) cells; plants may 

be multi-cellular or unicellular; this invention particularly relates to 
multicellular (>) plants; these include the group of gymnosperms (such 
as pine, spruce and fir etc.) and angiosperms (such as the 
monocotyledonous crops maize, wheat, barley, rice, rye, Triticale, 
sorghum, sugar cane, asparagus, garlic, palm tress etc., and non-crop 
monocots, and the dicotyledonous crops tobacco, potato, tomato, rape 
seed, sugar beet, squash, cucumber, melon, pepper. Citrus species, 
egg plant, grapes, sunflower, soybean, aifalte, cotton etc.), and no-crop 
dicots as well as ferns, liverwortiis, mosses, and multicellular green, 
red and brown algae; examples of uni-cellular plants are 
Chlamydomonas reinhardtii, Spirulina; 

piastid(s): origanelle(s) with their own genetic machinery in (>) plant cells, 

occum'ng in various functionally and morphologically different forms, 
e.g. amyloplasts, (>) chloroplasts, chromoplasts, etioplaste, 
gerontoplasts. leukoplasts, proplastids etc; 

plastome: complete DMA sequence of the (>) plastid; 

promoten nucleotide sequence functional in initiating and regulating transcription; 

RBS, ribosomal binding site: DNA sequence element upstream of the (>) 

translation start codon of a (>) coding region, that mediates 
ribosome binding and translation initiation from tiie respective RNA 
transcript; RBS elements are eitiier part of (>) 5'-UTRs or of (>) 
spacers; 

repressor: protein which binds to an operator sequence and thereby interferes 

with transcription; 

selection inhibitor: chemical compound, that reduces growth and development of non- 
transformed cells or organelles stronger than that of transformed ones; 

sequence of interest: modified or newly introduced sequence of any length: the purpose of 

a (>) transformation attempt; if introduction of a sequence is not 
intended, the length of the sequence of interest can be zero, i.e. it can 
be of interest not to have a sequence of interest; 



17 

termination: in the description of this invention, "tennination" relates to 

discontinuation of transcription of RNA from a DNA sequence; 
terminator: sequence element responsible for (->) termination; 

transformation vector: cloned DNA molecule that was generated to mediate (>) 

transformation of a (>) genome; 
transformation: process leading to the introduction, the excision or the modification of 

DNA sequences by treatment of (>) plants or plant cells including the 

use of at least one (>) transformation vector; 
transgene: DNA sequenqe derived from one (>) genome, introduced into another 

one; 

uidA: (>) coding region of bacterial & glucuronidase, a frequently used 

reporter protein. 

SHORT DESCRIPTION OF THE FIGURES 

Figure 1 shows schematically the plastome insertion cassette of transformation vector 
plCF10501 containing two divergent transcription units: The tobacco plastid rm16 promoter 
(16S) controls transcription of the lad and the aphA-6 coding sequences, which are 
preceded by an artificial ribosome binding site (RBS) or the 5 -UTR of the tobacco plastid 
rpl22 gene, respectively, and followed by the 3-UTR of the Chlamydomonas reinhardtii rbcL 
gene. The smGFP coding sequence provided with the 5 -UTR of the bacteriophage T7 gene 
10 and the 3-UTR of the tobacco plastid rpl32 gene, is transcribed from a modified rm16 
promoter containing a lac operator sequence (16Slac). The Insertion cassette is flanked by 
tobacco plastid DNA sequences for homologous recombination leading to insertion into the 
plastome between the trnV and the 3'rps12 genes. 

Figure 2: Immunological detection of GFP expression after induction with IPTG. 

A) Plastid transformant 557-1 containing the smGFP gene under the control of the 16S-lac3 
promoter and the lad gene (transformation vector pICFI 050-1), was analyzed for its GFP 
content by Western blotting. For the uninduced sample (-). a young leaf of a ca. 7 cm high 
plant was removed before spraying the plant with a ImM IPTG solution. For the induced 
sample (+), the next youngest leaf was cut four days after spraying. The amount of total- 
soluble protein loaded on the gel is given on the top of the lanes. 

B) Lower amounts of protein of the induced sample shown in A were loaded on the gel in 
order to allow quantification in comparison with the uninduced sample. In addition, protein 
from further leaves that were cut seven days after spraying was loaded. Leaf a was the next 
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youngest leaf, leaf b an older leaf. Compared with a GFP standard, the amount of GFP In the 
first lane is in the range of 1 5 to 20 ng. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention describes inter alia a process of controlling expression of a plastome- 
encoded sequence of interest in transplastomic plants. Control of gene expression may 
involve a regulatory molecule (notably a regulatory protein) which can bind to a regulatory 
element operably linked to said sequence of interest (e.g. located outside or within said 
sequence of interest). Examples for such a regulatory molecule are a repressor protein, 
binding of which prevents or impedes transcription of said sequence of interest, or an 
activator protein, binding of which enables or increases transcription of said sequence of 
interest Other examples are proteins which bind to mRNA of said sequence of interest and 
regulate translation, A further example is an RNA polymerase which specifically transcribes 
said sequence of interest Other examples for regulatory molecules are specific RNA splicing 
or processing factors. Furthermore, the regulatory molecule can also be a nucleic acid, e.g. 
an RNA molecule which prevents expression of the sequence of interest by interacting with 
its mRNA. Said regulatory molecule may itself be said control signal; altematively, certain 
properties of said regulatory molecule may be changed in response to said externally applied 
signal, whereby expression of said sequence of interest is controlled. 

In a general embodiment of this invention, binding of said regulatory molecule can be 
modified by said chemical signal or by said physical signal (such as temperature or light). 
Examples for such regulatory molecules properties of which can be changed by a chemical 
signal are repressor and activator proteins known from bacterial regulation systems as 
described below. When using such a control system, the regulatory protein can be encoded 
in the plastid and may be constitutively expressed, but certain properties (e.g. binding 
properties) can be changed in plastids by said extemally applied signal, which allows 
controlling expression of the sequence of interest 

In a further embodiment of this invention, said regulatory molecule is said control 
signal. Control of expression of the sequence of interest can then be achieved by growing 
the plant or plant cells in the absence of tiie regulatory molecule and the regulatory molecule 
is extemally applied to said plant or plant cells as said signal at a desired point in time. This 
can be achieved by direct extemal application of the regulatory molecule to the plant or by 
extemally applying a nucleic acid encoding said regulatory molecule, e.g. by infection witii a 
modified plant virus (a viral vector). 
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Preferentially, the regulatory protein is derived from a prokaryotic organism. 
Numerous examples of regulatory proteins In prokaryotes have been described which can be 
used for controlling plastid gene expression as described in this invention. Examples for 
chemically regulatable repressor proteins from prokaryotic systems are the Lac! repressor 
from Escherichia coli or the TetR repressor from transposon tn10 (Hillen and Berens, 1994). 
in both cases, the promoter of the sequence of interest is provided with short sequence 
elements (operator elements) which are binding sites for the repressor protein. Binding of the 
repressor protein to the operator prevents transcription of the regulated sequence of interest. 
In the presence of an extemally applied chemical Inducer, the affinity of the repressor protein 
to the operator is reduced, so that transcription of the sequence of interest can proceed. 
Examples for chemical inducers are lactose or isopropyl-D-thiogalactopyranoside (IPTG) that 
interact with LacI, and tetracycline or anhydrotetracycline that interact with TetR. In a 
preferred embodiment of this invention, the operator sequence is integrated into the 
plastome within or near the promoter of the sequence of interest to be controlled, and the 
repressor protein should also be encoded in the plastome such that It is constitutively 
expressed in a sufficient amount to prevent or impede expression of the sequence of 
interest. Expression can then be induced by the extemal application of said chemical signal 
acting as a chemical inducer at a desired time point. 

A further way of controlling expression of said sequence of interest is by activator 
proteins. Examples of activator proteins In prokaryotic systems are the MalT activator from 
Escherichia coii (Schlegel et al., 2002) or the LuxR activator from Vibrio fischeri (Dunlap, 
1999). In contrast to repressor proteins, activator proteins do not prevent, but activate 
transcription when binding to operator sequences by interacting with the transcription 
machinery. Both activator proteins mentioned above require the presence of a chemical 
inducer as said chemical signal for exhibiting binding activity: MalT is activated by maltose, 
LuxR by N-(3oxohexanoyl)-L-homoserine lactone. These substances can therefore also be 
used as chemical signals for inducing expression of said sequence of interest in plastids 
provided with appropriate regulation elements in a similar manner as described above for 
repressor proteins. 

In a further embodiment of this invention, the described system can also be used to 
deactivate or decrease expression of a sequence of interest This may be desired when the 
gene product of said sequence of interest is required during plant growth (e.g. herbicide 
resistance) but is undesired in the end product (e.g. in the harvested plant). Deactivation of 
expression may be achieved e.g. by growing of the plant in the presence of a chemical 
inducer which is left away when expression is not desired anymore. Further, expression of a 
repressor protein for the sequence of interest to be controlled may be activated. 
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Thus, applying said control signal or interoipting the application of said control signal 
may both be used for controlling expression of said sequence of interest 

The invention is not restricted to the control of a single sequence of interest. Operons 
containing several coding sequences may be also be controlled, if transcription of the operon 
is controlled, expression of all coding sequences can be regulated in the same way, which 
may be desired if several enzymes of a biosynthetic pathway are to be expressed. 
Alternatively, several coding sequences can be regulated separately, e.g. by using a 
combination of control systems responding to different chemical inducers. 

The process and plants of the invention allow the production of substances which are toxic 
for the plants 

Plastid transformation is often used as a method to produce substances, notably 
proteins of interest, in high amounts, making use of the high gene dosage in these organelles 
that bears the potential of extremely high expression levels of transgenes. There is a broad 
range of substances, from pharmaceutical proteins to technical enzymes, which can be 
produced in plastids. In addition, plastids may also be used for the production of non- 
proteinaceous substances like biopolymers by expression of enzymes which synthesize 
these substances from plastid metabolites. However, as plastids are essential for plant 
growth, the production of foreign substances frequently interferes with normal function of 
plastids. This invention offers a means to produce foreign substances which are harmful for 
plastids by suppressing or not activating their expression during plant growtii. Expression of 
the product can be induced at a desired time point, e.g. shortly before plants are harvested. 
A preferred method for this invention is to control expression of the sequence of interest 
using a repressor protein responding to an induction signal, and a promoter containing an 
operator sequence. The sequence of interest may be introduced Into the plastome 
downstream of said promoter containing the operator sequence. This promoter may be a 
modified plastid promoter, or a prokaryotic promoter containing the operator sequence. The 
operator sequence may be present within the promoter sequence or in its vicinity, e.g. at the 
start point of transcription, and several operator sites may be present. The sequence coding 
for the repressor protein is preferably inserted into the plastome in a different transcription 
unit so that it is constitutively expressed and is present in a sufficient amount to suppress 
transcription of the controlled sequence of interest by binding to the operator sequence. 
Expression of the controlled sequence of interest can be induced by providing the plant with 
said control signal which reduces binding of the repressor protein and therefore allows 
transcription. The control signal can be provided directiy to the plant, e.g. by spraying, or 
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indirectly, e.g. by providing a substance which is metabolized by the plant, whereby the 
induction signal is produced. As an alternative, the control signal can be an endogenous 
signal of the plant, e.g. when developmental changes such as fruit ripening are triggered. A 
regulatory protein influenced by such a developmental signal can be used for inducing or 
suppressing expression of a plastid sequence of interest at the time point of the 
developmental change. 

Some gene products of said sequence of interest may be harmful to plants when they 
are produced in high amounts, while a low level of the product does not interfere with normal 
plant development For these products, it may be sufficient to decrease transcription to a 
tolerable level; this can be achieved by using conventional represser/operator systems like 
the lac repression system from E. coli, which usually allow a significant background 
expression. In general, it will be easier to obtain a high expression level after induction if a 
certain background expression level is tolerated. If tighter repression is required, i.e. for 
products which are harmful even in low amounts, different control systems can be combined, 
e.g. several operator sites can be inserted or several different repressor proteins can be 
used. 

The process and plants of the invention allow the production of transplastomic plants which 
show normal plant health and growth capacity 

Even if the gene product of a sequence of interest is not toxic for the plants, it may be 
desirable to control expression of the sequence of interest. When a product is expressed in 
high amounts in plastids - which is desired in most cases - gene expression consumes a 
considerable amount of enei^y and metabolites, which may lead to a retarded plant growth. 
When expression of the sequence of interest is reduced to a limited level using the process 
described in this invention, plants can use their resources for normal growth and 
development. 

The process and plants of the invention allow the construction of vectors containing 
sequences which are toxic for bacteria 

Vectors for plastid transformation are usually constructed in bacteria, mostly E. coli. 
Plastid regulatory elements are often recognized in bacteria such that a sequence of interest 
under the control of such regulatory elements can be expressed to some extent in the 
cloning host. This can lead to problems if a sequence of interest or its expression product is 
toxic to the cloning host, and in some cases the desired clones cannot be cloned in bacteria 
at all. The invention described herein allows to control expression in both plastids and the 
bacterial cloning host by using control elements in plastid fransformation vectors that are also 
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recognized in tlie cloning host. In this way, products toxic for E. col! can be cloned in E. coll 
in plastid expression vectors. 

Various mechanisms of regulation l<nown from prol<aryotic systems can be adapted for use in 
this invention 

The gene expression machinery in plastids is in some respect similar to that of 
prokaryotic organisms: for example, translation is mediated by 70S ribosomes and 
transcription is mediated by E. coli-like and bacteriophage-like RNA polymerases. Therefore, 
regulation mechanisms for gene expression known from prokaryotic organisms may be used 
in plastids for expression control according to this invention by transfening the regulatory 
elements to plastids. An example for such an approach is given below (example 1), wherein 
the lac repressor / operator system from E. coli was transferred to tobacco plastids: in 
example 1, the lac repressor is constitutively expressed from the tobacco plastome and 
impedes transcription of a plastome-encoded GFP gene which is under the control of a 
modifed promoter containing a lac operator site. Expression can be activated by treatment of 
the plant with the chemical inducer IPTG which binds to the lac repressor and reduces its 
affinity to the operator site. Similariy, corresponding regulation systems can be established in 
plastids with other repressor or activator systems known from prokaryotic organisms. 
Moreover, for creating more complex regulation systems in plastids, components from 
different systems can be combined, also with plastid-endogenous regulation elements. An 
example for this is the combination of a specific polymerase / promoter system, such as T7 
polymerase / promoter system with a repressor system as described above. A furflier 
example is the generation of fusion proteins comprising DNA-binding and regulatory 
components derived from different regulation systems. With this approach, the original 
function of a regulatory protein can be changed, e.g. a protein originally functional as a 
repressor may be changed to a transcriptional activator by fusion with a suitable domain, as 
was done with the tet repressor for application in eukaryotic systems (reviewed in Berens 
and Hillen, 2003). Vice versa, a DNA binding protein originally active as a transcriptional 
activator may be changed to a repressor by placing its operator sequence into a promoter. 
As the above examples show, components from eukaryotic regulation systems can be used. 

Additional regulation can be achieved by applying the signal protein externally, e.g. via viral 
transfection 

In this embodiment, the plant may be grown in the absence of the signal protein up to 
a desired growth stage. When induction or repression of the sequence of interest is desired, 
the signal protein may be extemally applied as said control signal of the invention. One 
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possibility of providing ttie signal protein is by viral transfection of the plant with a genetically 
modified virus encoding the signal protein, preferably in combination with a plastid targeting 
signal. Further possibilities include infiltration with other genetically modified vectors like 
Agrobacterium 71 plasmid, Agrobacterium - mediated protein delivery, or direct infiltration 
with a regulatory protein or a nucleic acid coding therefore. An advantage of this method of 
regulation is that the signal protein cannot cause unwanted effects on other plastid genes 
during plant growth. In addition, tiiis metiiod does not lead to stable integation of the 
extemally applied nucleic acid encoding the signal protein into the plant hereditary material, 
which is advantageous for biological safety. 

In analogy to the applications described above, repression of expression of a 
sequence of interest can be achieved by providing a repressor protein, while induction of a 
sequence of interest may be achieved by providing an activator protein. A more complex way 
for induction of a sequence of interest may be providing a repressor protein which prevents 
expression of a second repressor protein controlling transcription of said sequence of 
interest. For this application of the invention, regulatory proteins are preferably used that do 
not change their acbVity depending on extemal signals like Inducers. Such regulatory 
proteins showing constitutive activity have been characterized as mutated or modified 
versions of many chemically regulated bacterial repressor or activator proteins. When using 
regulatory proteins with constitutive activity, application of a chemical inducer is not needed. 

An example for this invention using extemal application of the signal protein Is given 
in example 5. in this case, regulation is based on the interaction between the bacteriophage 
T7 RNA polymerase with a corresponding promoter. The sequence of interest {uidA) is 
plastome-encoded under the control of a specific T7 promoter such that the corresponding 
RNA polymerase Is required for transcription. Sequence of interest expression can be 
induced by providing the T7 RNA polymerase as said chemical signal via inoculation of the 
plant or plant cells with a modified plant viral vector encoding the T7 polymerase. Expression 
of ttie T7 polymerase from tine viral RNA may be mediated by an internal ribosome entry site 
(IRES) derived from a plant virus (crTMV) (Ivanov et a/., 1997, Skulachev ef a/., 1999; 
W09854342; WO0320927; WO0320928). The polymerase Is preferably fused to a plastid 
targeting peptide so that it is imported into plastids where it can mediate transcription from 
the T7 promoter. In this example, the viral construct is integrated into a binary vector and can 
therefore be applied via infiltration of the transplastomic plants with Agrobacterium containing 
this vector. As stated above, furUier ways of applying the polymerase are possible. Extemal 
application of the polymerase increases the tightness of the control compared to induction of 
a nuclear-encoded polymerase, as no expression in the uninduced state can occur. In 
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addition, tlie sequence of interest cannot be transmitted via tlie pollen, which would be the 
case with a nuclear-encoded polymerase gene. Therefore, this induction method Is 
advantageous for biosafety. 

External application of said signal protein from a ceil-free composition (direct delivery) 

Different methods can be used for the direct delivery of said signal protein (e.g. the 
T7 polymerase) into cells of said plant Among the simplest ones is the direct delivery with 
the help of mechanical interaction with plant tissue. For example, microprojectile 
bombardment of polypeptide-coated particles can deliver said polypeptide into the plant cell. 
The protocol can be similar to those described for DNA delivery in plant transformation 
protocols (US 05100792; EP 00444882B1; EP 0043461 6B1). However, instead of DNA. said 
signal protein may be used for coating the particles. There is a description of a biolistic 
process that uses particle coating methods which are reasonably gentle for preserving the 
activity of said polypeptide (Sanford, Smith & Russell, 1993, Methods in EnzymoL, 217, 483- 
509). In principle, other plant transformation methods can also be used e.g. microinjection 
(WO 09209696; WO 09400583A1; EP 175966B1), or liposome-mediated delivery (for review 
see: Fraley & Papahadiopoulos, 1982, Curr. Top Microbiol. Immunol,. 96, 171-191). 

Further, said externally applied signal protein may be applied from a cell-free 
composition to said plant or said plant cells. In this case, said signal protein preferably 
comprises a membrane translocation sequence (MTS) that enables entering of said signal 
protein into cells of said plant. Said MTS may be covalently or non-covalently bound to said 
signal protein. Preferably, it is covalently bound to said signal protein. Said MTS may be a 
peptide that endows said signal protein with the capability of crossing the plasma membrane 
of cells of said organism. Many such MTSs are Icnown in the art. Frequently, they comprise 
several basic amino acids, notably arginines. The size of MTSs may vary largely, however, 
they may typically have 3 to 100 amino acids, preferably 5 to 60 amino acids. Typically, the 
MTS is included in the signal protein at its N-terminus. Said signal protein may be produced 
by standard protein expression techniques e.g. in E. co//. Purification of said signal protein 
after its expression is preferably done, notably removal of nucleic acids coding for said signal 
protein for biological safety. Said signal protein may be applied to a plant e.g. by spraying 
said plant with a liquid composition, preferably an aqueous solution, containing said signal 
protein. Preferably, measures are taken to facilitate entering of said signal protein into cells 
of said plant, notably measures that allow crossing of the plant cell wall and/or the outer plant 
layer. An example of such measures is slight wounding of parts of the plant surface e.g. by 
mechanical scratching. Another example is the use of cellulose-degrading enzymes in said 
cell-free composition to weaken or perforate the plant cell wall. 
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Many examples of MTSs, natural and synthetic, are known in the art An MTS may be 
a simple amino acid repeat, for example a cationic peptide containing eleven arginlnes 
RRRRRRRRRRR (Matsushita et aL, 2001. J. NeuroscL, 21, 6000-6007). Atjother cationic 
MTS is a 27 amino acid long transportan (GWTLNSAGYL LGKINLKALA ALAKKIL) (Pooga 
et al., 1998, FASEB J., 12, 67-77). It is very likely that such peptides, for their penetration of 
the cell, exploit the asymmetry of the cellular plasma membrane where the lipid monolayer 
feeing the cytoplasm contains anionic phospholipids (Buckland & Wilton, 2000, Biochim. 
Blophys. Acta/MoL Cell. Bioi OfUpids, 1483 . 199-216). Many proteins contain subunits that 
enable their active translocation across the plasma membrane into cells. Examples of such 
subunits are the basic domain of HIV-1 Tat49^ (RKKRRQRRR) (Wender et al.. 2000, Proc. 
Natl. Acad. ScL USA, 97, 13003-13008), Antennapedla43^ (RQIKIWFQNR RMKWKK) 
(Derossi ef a/., 1994, J. Biol. Chem., 269, 10444-10450), the Kaposi Fibroblast Growth 
Factor MTS (AAVALLPAVL LALLAP) (Lin ef a/., 1995, J. Biol. Cham., 270, 14255-14258); 
the VP22 MTS (Bennet. Dulby & Guy, 2002, Nat. Biotechnol., 20, 20; Lai et al., 2000, Proc. 
Nati. Acad. Scl. USA, 97, 11297-302); homeodomains from the Drosophila melanogaster 
Fushi-tarazu and Engrailed proteins (Han et al., 2000, Mol Ce/te 10, 728-732). It was shown 
that all these positively charged MTSs are able to achieve cell entry by themselves and as 
fusions with other proteins like GFP (Zhao et al., 2001, J. Immunol. Methods, 254, 137-145; 
Han et al., 2000, Mol Cells, 10, 728-732), Cre recombina^e (Peitz al., 2002. Proc. Natl. 
Acad. ScL USA, 4489-4494) in an energy-independent manner. However, the fusion is not 
necessarily required for protein transport into the cell. A 21 -residue peptide carrier Pep-1 was 
designed (KETWWETWWTEWSQPKKKRKV) which is able to fonn complexes by means of 
non-covalent hydrophobic interactions with different types of proteins, like GFP, b-Gal, or full- 
length specific antibodies. These complexes are able to efficiently penetrate cell membranes 
(Moms et aL, 2001, Nature BiotechnoL, 19, 1173-1176). The list of MTSs can be continued 
and, in general, any synthetic or naturally occurring arginine-rich peptide can provide the 
signal protein of the invention with the ability of entering plant cells (Futaki et al., 2001, J. 
Biol. Chem., 276. 5836-5840). 

External application of said signal protein using plant pathogens 

Said signal protein may further be externally applied to said plant using a pathogenic 
microorganism that has a system for delivery of a protein like the signal protein of the 
invention into a host cell. Said signal protein may by expressably encoded in nucleic acids of 
said pathogenic microorganism, such that said signal protein can be delivered into a cell of 
said plant A preferred example of such a pathogenic microorganism is a vimlent or non- 
virulent Agrobacterium, whereby, for reasons of biological safety, said signal protein is 
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preferably not encoded in the T-DNA of a Ti-plasmid of the Agmbacterium employed. Further 
examples of phytopathogenlc microorganisms are Bordetella, Erwinia, Pseudomonas, 
Xanthomonas, Yersinia, the secretion systems of which may be used for the present 
invention. Examples for the use of the Yersinia type-Ill secretion system can be found in 
W09952563. 

Many plant and animal pathogenic bacteria use specialized secretion systems to 
deliver proteins into the host cells. Examples of such secretory systems are the type III 
secretion system of gram-negative bacteria (Binet et aL, 1997, Gene, 192, 7-11; Thanassi & 
Hultgren. 2000, Curr. Opin. Cell BioL, 12. 420-430; Buttner & Bonas, 2002, Trends 
MIcmbloL, 10. 186-192; Buttner & Bonas, 2003. Cun-. Opin. Plant Biol., 6, 321-319) and the 
type II secretory system of proteobacteria (Sandkwist, 2001. MoL Microbiol., 40^ 271-283). 
Multiple pathways of protein secretion from bacteria are described in the review of Thanassi 
and Hultgren (2000, Curr. Opin. Cell BloL, 12. 420-430. Type III secretion systems of 
different phytopathogenlc bacteria can be used for delivering a protein into the plant cell. The 
Hrp gene cluster (type III protein secretion) was cloned from Erwinia chrysanthemi (Ham et 
al., 1998, Proc. Natl. Acad. Sci. USA, 95. 10206-10211); further examples are the 
Pseudomonas syringae secretion system (for review see Jin et al., 2003, Microbes Infect., 5, 
301-310); and the secretory system of Xanthomonas campestris (Marois et al, 2002, MoL 
Plant Microbe Interact, 15, 637-646; Szurek etai, 2002, Mol. Microbiol., 46.13-23). 

Plant pathogens (phytopathogens) should preferably be engineered such that they 
are able to transfer the protein of interest without causing severe ill effects on the host plant. 
Further, non-pathogenic bacteria can be engineered such that they have the part of the type 
III secretion system necessary for the delivery of a protein of interest into the plant cell, but 
not other parts that damage the host plant. 

Among plant pathogens, agrobacteria are best suited for the present invention. 
Science (2000) 290. 979-982 and WO01 89283 demonstrate the possibility of Agrobacterium- 
mediated transfer of Cre recombinase as a heterologous protein into host cells. The transfer 
was achieved by using a translational fusion of Cre with virulence proteins or their parts 
involved in protein translocation into the plant cell during contact with Agrobacterium. Cre 
recombinase delivery was not coupled with transfer of DNA encoding said recombinase, but 
was efficient enough to trigger recombination events in engineered target cells. The process 
of bacterium-mediated polypeptide delivery into plant cells requires the availability of 
engineered bacterial cells carrying the gene of said protein (WO01 89283). Such a process is 
efficient enough to trigger selectable changes in plant cells in cell culture. Improvements of 
this methods are described in PCT/EP03/13016, PCT/EP03/13018, and PCT/EP03/13021. 
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The processes and plants of the invention minimize the risk of undesired uptal<e of 
substances produced in the transgenic plants and thus increase biosafety 

Production of recombinant proteins in transgenic plante offers substantial advantages 
compared to isolation of the proteins from natural sources or using fermentation technology. 
Phamnaceutical proteins isolated from animal or human material may be contaminated with 
co-purified pathogenic organisms, viruses, or prions. In contrast, plants are not known to 
harbour any pathogenic components on humans. Compared to fermentation technologies, 
protein production in plants is expected to be much more economical and can be easily 
scaled up using existing agricultural infrastructure. Plant protein production platforms allow 
the production of proteins for human or animal health, food additives, technical proteins or 
technical enzymes etc. However, large scale field production of transgenic plants bears an 
intrinsic risk of cross-contamination with agricultural products intended for the food chain. 
Possible reasons for a cross-contamination are mix-up of seeds, maintenance of transgenic 
plants from former vegetation periods in fields which are later used for non-GM plants (Fox, 
2003), or undesired pollen transfer to non GM-crops grown in the vicinity. 

It is a major task to implement consequent containment schemes for GM-crops, 
especially for those which contain substances which may be harmful if incorporated in an 
uncontrolled manner or which are not intended for consumption, over the whole production 
cycle. Preventing cross-pollination is one means for GM-crop containment. In addition, it 
would be desirable to have GM-plants which do not contain the recombinant product unless 
the expression of the product is induced. 

The process of the present invention combines both requirements for safe protein 
production in transgenic plants. Using plastid transformants, pollen transfer of the 
sequence(s) of interest to wild-type crops is strongly reduced or excluded In most species, as 
plastids are mainly maternally inherited. All components of the system, which control plastid 
gene expression, are located in the plastome. This stands in contrast to the only other known 
metiiod of inducing plastid gene expression which is based on the import of a nuclear 
encoded T7-polymerase. Moreover, using the process of this invention, it is possible to 
generate transplastomic plants which do not contain the recombinant protein of interest 
unless the production has been induced. Transgenic plants free of any potentially harmful 
proteins can be grown in the absence of the externally applied signal, thus preventing an 
undesired uptake of the substance by animals or humans. Expression can then be induced 
directiy before harvesting or even after the harvest in a safe environment. 

Using the present invention, undesired mix-up of GM-plants witii non GM-crops either 
on the seed level or by accidental persistence of transgenic plants from former vegetation 
periods does not lead to any risks for human or animal health, as these plants do not come 
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into contact with the externally applied inducing signal and therefore do not express the 
recombinant product(s). 

Example 1: Control of GFP expression In tobacco plastids using ttie lac repressor / 
operator system 

Construction ofplastid transfonnation vector plCF1 0501 

The lad coding sequence was PCR-ampllfied from E. coli strain XLI-BIue with 
primers olad (5'-gaccatggaaccagtaacgttatacgatg-3') and olac2 (5- 
cactgcagtcactgcccgctttccag-3'), adding an Ncol and a PstI restriction site to the ends. The 
coding sequence was fused to the plastid rm16 promoter by insertion Into the corresponding 
restriction sites of vector pKCZ (Zou ef a/., 2003). replacing the aadA coding sequence, 
resulting in plasmid plCF9851. A modified version of the mi16 promoter containing a lac 
operator site between the -10 and -35 boxes was made by inverse PGR with primers olacS 
(5-acgattgtgagcggataacaatatatttctgggagcgaac-3') and olac4 (5'-caatcccacgagcctcttatc-3') 
from plasmid plCF7341 which contains the cloned promoter sequence amplified by PGR 
from tobacco DNA. The modified promoter was excised from the resulting plasmid with Sail 
and BamHI. A further fragment consisting of the smGFP coding sequence from pSMGFP4 
(Davis and Vierstra 1998) flanked by the 5' unfranslated sequence of the bacteriophage T7 
genelO and the 3' untranslated sequence of the plastid rpl32 gene (PGR-amplified from 
tobacco DNA) was excised from plasmid plGF9141 with BamHI and Sacll. Both fragments 
were ligated together Into plasmid plCF9851 restricted with Xhol and Sacll so that two 
divergent transcription units (GFP confrolled by the lac-modified rrn16 promoter and lad 
confrolled by unmodified rm16 promoter) were obtained. A fragment containing these 
transcription units was excised with Sphi and Xhol and inserted after blunting of the 
overhanging ends with T4 DNA polymerase into the blunted Sdal restriction site of plasmid 
plCF9561, which contains the aphA-S selection maricer (Huang et a!., 2002) provided with 
plastid expression signals (5 -UTR of tobacco plastid rpl22, 3'-UTR of Chlamydomonas 
reinhardtii rbcL\ and homologous flanks for recombination with the plastome (PGR-amplified 
from tobacco DNA). The plastome insertion site targeted with this vector (plGF10501) is 
between the V(GAG) and 3'rps12 genes of the tobacco plastome. A schematic depiction of 
the gene an^angement in plGF10501 is given in figure 1. 

Generation of tobacco plastid transformants 
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Tobacco seeds (Nicotiana tabacum cv. petite havana) were surface sterilized (1 min 
in 70% ethanol, 10 mIn in 5% Dimanin C, Bayer, Leverl^usen, Gemnany), wasfied 3 times for 
10 min in sterile H2O and put on SCN-medium (Dovzhenko et ah, 1998). Plants were grown 
at 25^C In a 16h llght/8h dark cycle (0.5 - 1 W/m^, Osram L85W/25 Universal-White 
fluorescent lamps). Protoplast isolation was made according to Dovzhenko ef a/. (1998). 
Transformation using polyethyleneglycol (PEG) was performed as decribed in Koop et al. 
(1996), and alginate embedding according to Dovzhenko et al. (1998). After one week of 
culture in liquid medium, cells were transferred to agar-solidified RMOP-medium (Svab ef a/., 
1990) containing 25pg/ml kanamycin to select for transformants. Green regenerates were 
retrieved after 3-8 weeks and transferred to individual plates. In order to achieve 
homoplastomy, the individual lines were subjected to repeated cycles of shoot generation by 
cutting small leaf pieces which form new regenerates on RMOP-medium with ISpg/ml 
kanamycin. Rooting of selected regenerates was done on SCN-medium containing ISpg/ml 
spectinomycin. Plastid transformation was confirmed by molecular analysis of the 
regenerates (PGR and Southern analysis according to standard methods). 

Chemical induction oftransgene expression 

A transplastomic plant generated with plCF10501 was grown on SCN-medium to a 
height of ca. 7 cm. A young leaf (ca. 4 cm length) was cut and removed for analysis, and the 
plant was sprayed with ca. 1 mi of a 1mM isopropyl-D-thiogalactopyranoside (IPTG) solution. 
After four and seven days, respectively, the next youngest leaf was cut off and also 
analyzed. Total soluble protein was extracted with 50 mM Na2C03. pH9.6, 2 mM PMSF. 
Protein quantification was made according to the Bradford method with RotiQuant solution. 
Proteins were separated on a 15% polyacrylamide gel and transferred to nitrocellulose 
membrane, and GFP was detected immunologically using the ECL method (primary antibody 
directed against a recombinant protein corresponding to GFP from A. victoria; Santa Cruz 
Biotechnology). As shown in figure 2, the amount of GFP in the leaves had increased about 
10-fold after four days, and a further increase could be observed seven days after spraying. 
The increase in GFP content corresponded to an increase in green fluorescence of leaves 
when inradiated with ultraviolet / blue light 

Example 2: Plastid transformation of Solanum tuberosum using the lac repressor / 
operator system 

In addition to tobacco, the gene control system described in this invention can also be 
used with other crop species such as potato {Solanum tuberosum). This example illustrates 
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efficient plastid transformation in potato following particle bombardment of protoplast-derived 
microcolonies using the vector described in Example 1 . Due to the high degree of homology 
between the plastomes of tobacco and potato, the vectors containing tobacco fianldng 
sequences can also be used for tobacco. 

Plants of S- tuberosum cv. Walli were grown in vitro as sterile shoot cultures (20±1°C, 
16h day, light intensity 75 ± 10 pmoles/m^/sec). New cultures were initiated every 2 months 
by transferring shoot tips (approx. 2 cm in length) to MS medium (Murashige and Skoog, 
1962) in glass tubes (2.5 x 20 cm). Young fully expanded leaves are selected from 3-4 week 
old plants and used for protoplast isolation. Leaves are cut into 1 mm stripes with a scalpel 
and preplasmolysed in 10 ml of MMM-550 medium. MMM-550 medium contains 4.066 g/l 
MgCl26H20, 1.952 g/l 2-(N-morpholino) ethanesulfonic acid (MES) and ^-86 g/l mannitol 
(adjusted to 550 mOsm and pH 5.8). After 1 hour of incubation in the dari<, the MMM-550 is 
removed and replaced with 10 ml of MMS-550 medium containing 0.4% w/v Macerozyme 
R10 and 0.4% Cellulase RIO. MMS-550 medium contains 4.066 g/l MgCl26H20, 1.952 g/l 
MES and ^^150 g/l sucrose (adjusted to 550 mOsm and pH 5.8). The leaf explants in enzyme 
solution are incubated for 16 hours in the dark at 25''C without shaking. The following day. 
the digestion is filtered through a 100 pm sieve into a centrifuge tube and then carefully 
overiaid with 2 ml of MMM-550 medium and centrifuged (10 min, 70 x g). Intact protoplasts 
are collected from the band at the interface and washed once by resuspending in 10 ml of 
poteto protoplast culture medium followisd by centrifugation (10 min, 50 x g). The protoplast 
culture medium contains 133.75 mg/l NH4CI, 950 mg/l KNO3, 220 mg/l CaCl22H20, 185 mg/l 
MgS047H20, 85 mg/l KH2PO4. B5 microelements (Gamborg ef a/. 1968). MS Fe-EDTA 
(Murashige and Skoog, 1962), 100 mg/l myo-inositol, 100 mg/l glutamine, 100 mg/l casein 
hydrolysate, 1 mg/l nicotinic acid, 10 mg/l tiiiamine hydrochloride, 1 mg/l pyridoxine 
hydrochloride, 250 mg/l xylose, 975 mg/l MES, 2 mg/l naphthalene acetic acid (NAA), 0.2 
mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 0.5 mg/l 6-benzyIaminopurine (BAP) and -94 g/l 
glucose (adjusted to 550 mOsm and pH 5.8). Protoplasts are counted and resuspended at 2x 
the required final plating density in protoplast culture medium (2.0 x lO^/m!) and mixed with 
an equal volume of 1.2% w/v alginic acid prepared in MMM-550 medium. Thin alginate layer 
culture In polypropylene grids Is made as described in Dovzhenko et a/. (1998). Following 
solidification of tiie alginate matrix, grids are cultured in 5cm Petri dishes containing 2 ml of 
protoplast culture medium. Protoplasts are Incubated for one day in the dark (26±1*'C) and 
then transferred to standard culture room conditions for furUier development (26±1'*C, 16h 
day, light intensity 75 ± 10 pmoles/m^/sec). 
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12 to 15 days after embedding the grids containing potato microcolonles (approx. 8 
cells) are transfenred to 9 cm dislnes containing SH-1 medium solidified with 0.4% w/v Gelrite. 
SH-1 medium contains 267.5 mg/l NH4CI, 1900 mg/l KNO3, 440 mg/l CaCl22H20. 370 mg/l 
MgS047H20, 170 mg/l KH2PO4. MS microelements and Fe-EDTA (Murashlge and Skoog, 
1962), Nitsch vitamins (NItsch and Nitsch, 1969). 40mg/l adenine sulphate, 100 mg/l casein 
hydrolysate, 975 mg/l MES, 0.1 mg/l NAA, 0.5 mg/l BAP, 10 g/l sucrose and 50 g/l mannitol 
(adjusted to pH 5.8). Two days after plating on solid medium, protoplast-derived colonies are 
bombarded with allquots of gold loaded with 25 pg of vector plCF10501 (see example 1) 
using the particle coating and bombaniment conditions described in MOhlbauer et a/. (2002). 
Selection of transfomiants is based on the resistance to tiie antibiotic kanamycin confenred 
by the aphA-6 gene product. One day after bombardment, grids are transfenred to dishes 
containing Gelrite-solidified SH-1 medium + 25 mg/l kanamycin and subcultured every 3 
weeks to fresh selection dishes. Resistant colonies are transferred to 5 cm dishes containing 
SH-1 medium + 15 mg/l kanamycin. For regeneration, call! (approx. 5 mm in diameter) are 
transfen^d to SH-2 medium solidified wfth 0.4% w/v Gelrite containing 15 mg/l kanamycin. 
SH-2 medium is Identical to SH-1 medium (see above) except that tiie NAA is replaced with 
0.1 mg^ indole-3-acetic acid (lAA), BAP is replaced with 1 mg/l zeatin and tiie mannitol 
content is reduced from 50 g/l to 36 g/l. Shoots are removed fi-om regenerating call! after 6-8 
weeks of culture on SH-2 medium and transfenred to antibiotic-free MS medium for rooting 
and furtiier development. Analysis of transfonnants, induction with IPTG, and immunological 
determination of the GFP content is made as described In example 1. 

Example 3: Control of GFP expression in tobacco plastids using the tet repressor / 
operator system 

Transplastomic tobacco plants containing a recombinant GFP gene expression of 
which can be induced with tetracycline or anhydrotetracycline are generated by 
transfomiation with vector plCF10461. The general composition of plastid transfonnation 
vector plCF10461 con-esponds to vector plCF10501 (described in example 1 and shown in 
figure 1), but instead of the lad coding sequence the tetR coding sequence from transposon 
tii10 is inserted, and tiie modified irnie promoter for tiie GFP gene contains a tet operator 
sequence instead of a lac operator. PCR-ampiification of tine tetR sequence from E. coli XL1- 
Blue is made with primers otet1 (5'-gaccatggctagattagataaaagtaaag-3') and otet2 (5- 
cactgcagttaagacccactttcacatttaag-3'). and modification of the tobacco rrn16 promoter by 
inverse PGR witti primers otet3 (5'-acgtccctatcagtgatagagtatatttctgggagcgaac-3') and otet4 
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(5'-caatcccacgagcctcttatc-3*). The cloning procedure is made analogously to vector 
plCF10501, so that all other regulatory elements, selection marker, and plastome Insertion 
site are identical. 

Generation of tobacco plastid transfbrmants is made as described in example 1. 
Induction of GFP expression is made by spraying plants with anhydrotetracycline solution 
(200 ng/ml). Immunological determination of the GFP content is made as described in 
example 1. 

Example 4: Control of GFP expression in tobacco plastids using the LuxR activator 

In this example, expression control of a recombinant GFP gene in tobacco plastids is 
mediated by the LuxR transcriptional activator protein from Vibrio fischeri (Dunlap, 1999). 
The GFP coding sequence is integrated into the plastome under the control of a modified 
rrn16 promoter containing a 20 bp binding site for LuxR (lux-box) centred around nucleotide 
"42 from the transcription start. By this modification, the original -35 element and the 
sequence immediately upstream thereof which is essential for promoter function (Suzuki et 
aL, 2003), are destroyed, so that the promoter is not active in plastids. The luxR coding 
sequence is also integrated into the plastome in a divergent operon under the control of an 
unmodified rrn16 promoter, conferring constitutive expression of the LuxR protein. For 
exhibiting transcriptional activator activity on the modified promoter, the LuxR protein 
requires the presence of a chemical inducer (VAI: N-(3-oxohexanoyl)-L-homoserlne lactone). 
Thus, treatment of the transplastomic plants with the chemical inducer activates expression 
of GFP. 

Construction of a plastid transformation vector is made in analogy to the construction 
of the transformation vector described in example 1 . except that the luxR coding sequence is 
used instead of the lad coding sequence, and the GFP coding sequence is put under the 
control of the modified rrn16 promoter described in this example. Generation of tobacco 
plastid transfomriants is made as described in example 1. Induction of GFP expression is 
made by treatment of transplastomic plants with N-(3-oxohexanoyl)-L-homoserine lactone- 
Immunological determination of the GFP content is made as described in example 1. 

Example 5: Induction of a plastid transgene by a viral-delivered RNA polymerase 
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Generation of tobacco plastld transfonnants containing tlie uidA gene controlled by the T7 
promoter 

Vector plCF10571 contains a plastome Insertion cassette containing two divergent 
transcription units: the aadA selection marker is controlled by the tobacco plastld rm16 
promoter, an artificial ribosome binding site, and the 3'-UTR of the Chlamydomonas 
reinhardtii rbcL gene, and Is therefore constitutlvely expressed in plastids, confening 
resistance to spectlnomycin and streptomycin. The uldA reporter gene coding for p- 
glucuronidase (GUS) is controlled by the promoter and 5'-UTR of bacteriophage T7. The 
transcription units are flanked by tobacco plastld DNA sequences for homologous 
recombination leading to Insertion Into the plastome between the trnN and tmR genes, 
Constnjction of the vector is made in the following way: a fragment containing the T7 
promoter and 5'-UTR is excised from plasmid pET28a+ (Novagen) with Bglll and Ncol. A 
fragment consisting of the uldA coding sequence and the 3'UTR of the tobacco rbcL gene Is 
excised from a plasmid described in EibI et aL (1999) with Ncol and SacIL Both fragments 
are llgated into Bglll- and Sacll - restricted transfomiatlon vector pKCZ (Zou et a/., 2003) 
which contains the selection mariner and plastld DNA flanks. Generation of tobacco plastld 
transformants is made as described in example 1 . 

Generation of a viral construct containing plastld targeted T7 RNA polymerase 

Cloned cDNAs of the crucifer-infecting tobamovirus (cr-TMV; Dorokhov et aL, 1994) 
and of the tumip vein-clearing virus (TVCV; Lartey et aL, 1994) were obtained from Prof. 
Joseph Atabekov from Moscow University, Russia. A viral vector containing the T7 RNA 
polymerase coding sequence is made in several cloning steps. The resulting construct 
contains in sequential order: a 787 bp fragment from the Arabidopsis actin 2 promoter 
(ACT2, GenBank accession AB026654, bp 57962 to 58748), the 5' end of TVCV (GenBank 
accession BRU03387, bp 1 to 5455), a fragment of cr-TMV (GenBank accession Z29370, bp 
5457 to 5677, with thymine 5606 changed to cytosine to remove the start codon of the coat 
protein) containing the sequence which acts as an internal ribosome entry site (Ivanov et aL, 
1997, Skulachev et aL, 1999), a synthetic sequence encoding a peptide mediating protein 
import into plastids, the bacteriophage T7 RNA polymerase coding sequence (PCR-ampiifled 
from plasmid pACT7. Grachev and Pletnev, 1984), the cr-TMV 3' nontranslated region 
(GenBank accession Z29370, bp 6078 to 6312), and finally the nopaline synthase (Nos) 
tenninator. The entire fragment is cloned between the T-DNA left and right borders of 
pICBVIO. a Cart^R pBIN19-derived binary vector. The resulting vector is transfomied into 
Agrobacterium strain GV3101. 
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Induction ofGUS expression in transpiastomio tobacco plants by agminfiitration 

Agroinfiltration of transplastomic plants with the construct confining the T7 RNA 
polymerase is made using the protocol of Yang et al. (2000). Protein extraction from leaf 
material and determination of GUS activify is performed as described in Jefiierson et ai. 
(1988). 
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Claims 

A process of controlling expression of a plastome-encoded sequence of Interest in a 
plant or In plant cells by externally applying to said plant or to said plant cells a control 
signal selected from 

(a) a physical signal or 

(b) chemical signal or a source thereof, 

wherein said control signal is adapted for an Interaction of said physical or said 
chemical signal with an intra-plastid component of the plastid protein expression 
machinery and wherein expression of said sequence of interest is controlled by said 
interaction. 

The process according to claim 1, wherein said plant or said plant cells contain in the 
plastid genome a recombinant nucleic acid comprising said sequence of interest and 
operably linked thereto a heterologous transcription regulatory sequence. 

The process according to claim 1 or 2, wherein said component of the plastid protein 
expression machinery is an intra-plastid regulatory protein. 

The process according to claim 3, wherein said regulatory protein is capable of 
changing its affinity to said transcription regulatory sequence in response to said 
chemical or physical signal. 

The process according to claim 3 or 4, wherein said regulatory protein is encoded by 
said recombinant nucleic acid or by a further recombinant nucleic acid integrated into 
said plastid genome. 

The process of one of claims 1 to 5, wherein said control signal is a chemical signal 
or a source thereof, preferably said control signal is a non-proteinaceous chemical 
signal or a source therefore. 

The process according to any one of claims 3 to 5, wherein said chemical signal is 
lactose or a lactose analog, said regulatory protein is the lac repressor, and said 
regulatory sequence is the lac operator. 
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8. The process according to any one of claims 3 to 5, wlierein said chemical signal is 
tetracycline or a tetracycline analog, said regulatory protein is the tet repressor, and 
said regulatory sequence is the tet operator. 

9. The process according to claim 1 , wherein said intra-plastid component of the plastid 
protein expression machinery is a, preferably heterologous, transcription regulatory 
sequence that is operably linked to said sequence of interest. 

10. The process according to claim 9, wherein said control signal is a non-protein 
chemical signal or a source thereof. 

11. The process of claim 9, wherein said control signal is a signal protein or a nucleic 
acid as a source of said signal protein, said signal protein being capable of interacting 
with said transcription regulatory sequence. 

12. The process according to claim 1 1 , wherein said signal protein is the T7 polymerase. 

13. The process according to claim 11 or 12, wherein said signal protein comprises a 
transit peptide for entering of said signal protein into plastids. 

14. The process according to any one of claims 1 1 to 13, wherein said nucleic acid is an 
RNA viral vector that is extemally applied to said plant or to said plant cells. 

15. The process according to any one of claims 1 1 to 14, wherein said nucleic acid is 
applied to said plant or to said plant cells Agrobacterium-mediated or by leaf 
infiltration. 

16. The process according to any one of claims 11 to 13, wherein said signal protein is 
extemally applied to said plant or to said plant cells via a phytopathogen like 
Agrobacterium. 

17. The process according to any one of claims 1 1 to 16, wherein said signal protein 
comprises a membrane translocation sequence enabling the direct introduction of 
said signal protein into cells of said plant 
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The process according to any one of claims 9 to 17, wherein said Intra-plastid 
component Is a promoter that is operably linked to said sequence of interest and said 
chemical signal is capable of Interacting with said promoter. 

The process according to any one of claims 9 to 17, wherein said intra-plastid 
component is an operator that is operably linked to said sequence of interest and said 
chemical signal is capable of interacting with said operator. 

The process according to claim 1, wherein said intra-plastid component is an mRNA 
comprising a transcript of said sequence of interest and said control signal is a non- 
proteinaceous chemical signal capable of Interacting with said mRNA. 

The process according to any one of claims 1 to 20, wherein said controlling Is 
inducing expression of said sequence of interest. 

The process according to any one of claims 1 to 20, wherein said controlling is 
suppressing expression of said sequence of interest. 

The process according to any one of claims 1 to 22, wherein said process is canied 
out on an intact plant or after harvesting said plant or said plant cells. 

The process according to any one of claims 1 to 5 or 9, wherein said physical signal 
is altered light conditions or a temperature change. 

The process according to any one of claims 1 to 23, wherein said chemical signal is a 
proteinaceous signal or a source thereof; or a non-proteinaceous chemical signal or a 
source thereof. 

The process according to any one of claims 1 to 1 1 , wherein said intra-plastid 
component is of prokaryotic origin. 

The process according to any one of claims 1 to 6 or 9 to 19, wherein said intra- 
plastid component is of bacteriophage origin. 
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The process according to one of claims 1 to 27, wherein said sequence of interest is 
a heterologous sequence that codes for a heterologous protein or is a native plastid 
sequence that codes for a native plastid protein. 

The process according to any one of claims 1 to 28, wherein said intra-plastid 
component of the plastid protein expression machinery is an intra-pfastid component 
involved in expression of said sequence of interest but not in expression of other 
plastid sequences. 

The process of one of claims 1 to 29, wherein said control signal is adapted for an 
interaction of said physical or said chemical signal with said intra-plastid component 
in that: 

(i) said physical or said chemical signal is capable of entering into plastids when 

provided externally and 
(il) said physical or said chemical signal is capable of interacting with said Intra- 

plastid component for controlling expression of said sequence of interest. 

Plant or plant cells capable of controlled expression of a plastome-encoded sequence 
of interest, said plant or plant cells comprising or encoding a heterologous intra- 
plastid component of the plastid protein expression machinery, said component being 
adapted for interacting with an extemally provided chemical or physical signal such 
that expression of said sequence of interest can be controlled by said interaction. 

The plant or plant cells according to claim 31 , wherein said intra-plastid component is 
a component of the plastid expression machinery of said sequence of interest but not 
of other plastid sequences. 

The plant or plant cell according to claim 31 or 32, wherein said heterologous intra- 
plastid component is of prokaryotic origin. 

The plant or plant cell according to claim 31 to 33, wherein said heterologous intra- 
plastid component is a regulatory protein capable of changing its binding affinity to a 
regulatory sequence operably linked to said sequence of interest in response to said 
chemical or said physical signal. 
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The plant or plant cell according to claim 34, wherein said regulatory protein is the lac 
repressor or the tet repressor. 

A process of producing a plant or plant cells transformed in their plastid genome with 
a sequence of interest comprising transforming a plant or plant cells on their 
plastome with said sequence of interest and a heterologous nucleotide sequence 
being or encoding an intra-plastid component of the plastid protein expression 
machinery, whereby said intra-plastid component Is adapted for interacting with an 
externally provided chemical or physical signal. 

A system for controlling expression of a sequence of interest in a transplastomic plant 
or In transplastomic plant cells, comprising the plant or plant cells according to any 
one of claims 31 to 35 and a chemical or physical control signal capable of entering 
into plastids when applied externally, said control signal being adapted for controlling 
expression of said sequence of interest In said plant or plant cells by interacting with 
said intra-plastid component 
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ABSTRACT 



A process of controlling expression of a plastome-encoded sequence of interest in a plant or 
In plant cells by externally applying to said plant or to said plant cells a chemical or physical 
control signal, wherein said control signal is adapted for interacting with an Intra-plastid 
component of the plastid protein expression machinery and wherein expression of said 
sequence of interest is controlled by said control signal. 




Fig. 2 
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